GLABRA2 (GL2)/ATHB-10 encodes a homeodomain protein that belongs to the homeodomain-leucine zipper family. Mutant studies have revealed that this gene is involved in trichome, root-hair and seedcoat development. We used reverse genetics to investigate the role of GL2 in trichome development. A transgene consisting of a GL2-coding fragment preceded by the cauli¯ower mosaic virus 35S promoter (35S::GL2) did not complement defects in the gl2-1 mutant. In the wild-type genetic background, 35S::GL2 caused gl2-mutant-like and scarcely viable phenotypes, suggesting that ectopic overexpression of GL2 interrupts endogenous GL2 function in trichome development and is toxic to plants. On the other hand, another GL2 transgene containing the GL2 promoter (pGL2::GL2) complemented the gl2-1 mutation. Entopically additive expression of GL2 by introduction of pGL2::GL2 in the wild-type genetic background noticably increased the number of trichomes and induced production of adjacent trichomes. Consistent with this result, gl2-1/+ heterozygous leaves, whose GL2 expression was expected to decrease, had fewer trichomes than +/+ leaves. These results indicate that GL2 quantitatively regulates the frequency of trichome initiation and is involved in determining trichome spacing.
Introduction
During plant development, proliferated cells undergo morphological and physiological differentiation that allows specialized function. Among various cell types in plants, trichomes of Arabidopsis thaliana have been used as a model to study plant-cell differentiation (for reviews see Glover, 2000; Hu È lskamp et al., 1994; Marks, 1997; Szymanski et al., 2000) . A trichome is a hair-like structure on the surface of a plant shoot. An Arabidopsis trichome consists of a single cell that develops in a series of cellbiological events, including endoreduplication, cell expansion and outgrowth, branching, and cell-wall maturation (Hu È lskamp et al., 1994; Szymanski et al., 1998a) . As trichomes are not essential for Arabidopsis plants growing in experimental conditions, many mutants defective in trichome development have been isolated. Most of these mutant loci are divided into two classes based on their phenotypes (Hu È lskamp et al., 1994; Marks, 1997) . The ®rst class includes loci involved in the initiation of trichome development, e.g. GLABRA1 (GL1; Herman and Marks, 1989; Koornneef et al., 1982; Marks and Feldmann, 1989) and TRANSPARENT TESTA GLABRA1 (TTG1; Koornneef, 1981; Walker et al., 1999) . A defect in any loci of this class changes the initiation frequency or spacing of trichomes. The second class includes genes involved in trichome cell morphogenesis. Defects in these loci do not affect trichome initiation, but result in trichomes with aberrant morphology.
GLABRA2 (GL2) (Koornneef et al., 1982; Rerie et al., 1994) , also called ATHB-10 because it encodes a homeodomain-leucine zipper protein (Di Cristina et al., 1996) , has been categorized in the second class. Its mutations result in aborted trichomes with aberrant cell expansion (Hu È lskamp et al., 1994; Rerie et al., 1994) . The mutant trichomes undergo endoreduplication four times, like The Plant Journal (2002) (Hu È lskamp et al., 1994) . Instead of normal cell outgrowth perpendicular to the leaf surface, however, gl2 trichomes expand laterally along the surface of juvenile leaves (Rerie et al., 1994) . Although they may form short spikes or single stalks in later rosette leaves, branching rarely occurs and cell walls remain immature (Rerie et al., 1994) . This phenotype suggests that GL2 is involved in directional expansion or local outgrowth of trichome cells. An additional mutation in GLABRA3 (GL3) (Koornneef et al., 1982; Payne et al., 2000) or TRIPTYCHON (TRY; Hu È lskamp et al., 1994) enhances or suppresses the gl2 phenotype, respectively. In gl2-1 gl3-1 double-mutant leaves, cell outgrowth is completely inhibited (Hu È lskamp et al., 1994) . In contrast, gl2-1 try double-mutant leaves develop outgrowing and branching trichomes (Hu È lskamp et al., 1994) . These data suggest that functions of these genes are closely related. Gene expression has been analysed using in situ hybridization, anti-GL2 antibodies and b-glucuronidase (GUS) reporter genes (Rerie et al., 1994; Szymanski et al., 1998a) . Studies revealed that GL2 is expressed in trichome cells throughout development, in cells surrounding early stage trichomes, and in the basal region of developing leaves where trichomes continue to develop (Szymanski et al., 1998a) . These results suggest that GL2 is involved not only in trichome morphogenesis, but also in the initiation of trichome development and development of cells surrounding trichomes.
GL2 is also required for the pattern formation of root epidermal cells and the production of seed coat mucilage (Di Cristina et al., 1996; Masucci et al., 1996; Rerie et al., 1994) . Arabidopsis root hairs are normally formed only from distinct cell ®les in root epidermis located outside anticlinal cortical cell walls (Dolan et al., 1993) . In gl2 mutant roots, however, all epidermal cell ®les develop root hairs (Di Cristina et al., 1996; Masucci et al., 1996) . As GL2 is expressed only in non-root hair cell ®les, it is thought to negatively regulate root hair formation (Masucci et al., 1996) . A similar cell-®le-speci®c pattern of GL2 expression has been observed in hypocotyl epidermis (Hung et al., 1998) . These ®ndings indicate that GL2 participates in position-dependent control of cell-type patterning in root and hypocotyl epidermis. During Arabidopsis seed-coat development, outer integument cells produce a mucopolysaccharide (or mucilage) layer which appears as a halo around a hydrated seed (Van Caeseele et al., 1981) . In gl2 (a±h) 35S::GL2 was introduced into wild-type Col. Transgenic leaves with wild-type-like (a) and gl2-mutant-like (c,d) phenotypes, a T 2 generation transgenic plant with a scarcely viable phenotype (b), wild-type Col root (e) and seed (g), and transgenic root (f) and seed (h) with gl2-mutant-like phenotypes are shown. Scale bars, (a±d) 1 mm; (e±h) 0.1 mm. (i) RNA fractions prepared from wild-type Col plants (lane 1) and from 35S::GL2 plants with wild-type-like (lanes 2 and 3) and gl2-mutant-like (lanes 4 and 5) phenotypes were subjected to Northern analysis using a probe speci®c to the GL2-coding sequence. The same RNA fractions, electrophoresed on an agarose gel and stained with ethidium bromide, are shown below the autoradiogram. mutant plants, however, this mucilage accumulation does not occur (Koornneef, 1981; Rerie et al., 1994) .
Findings from mutant and gene-expression analyses indicate that GL2 plays regulatory roles in developmental processes of epidermal cells. Details of GL2 involvement, however, remain unclear, in part because reverse genetic approaches, which have been used in studies of other regulatory genes, have not yet been applied to GL2. To obtain more information about the function of GL2 in trichome development, we altered GL2 expression using reverse-genetic techniques. Ectopic overexpression of GL2 interrupted endogenous GL2 function in trichome development and appeared to be toxic to developing plants. On the other hand, a GL2-coding fragment preceded by the GL2 promoter complemented defects in gl2-1 mutant plants, and increased the number of trichomes and induced development of adjacent trichomes in the wildtype genetic background. These results indicate that GL2 quantitatively regulates frequency of trichome initiation and is involved in determining trichome spacing.
Results

Ectopic overexpression of GL2 by the 35S promoter caused a gl2-like phenotype
To further investigate GL2 function in trichome development, we constructed a 35S::GL2 fusion gene consisting of the cauli¯ower mosaic virus 35S promoter (Odell et al., 1985) and the coding region of GL2 cDNA (Di Cristina et al., 1996) , and introduced it into wild-type Arabidopsis, Columbia ecotype (Col). The phenotypes of the transgenic plants were either like the wild type ( Figure 1a) ; scarcely viable ( Figure 1b) ; or like gl2 mutants (Figure 1c,d ). Of 20 independent lines, ®ve showed the scarcely viable phenotype. These plants were dif®cult to maintain and were almost sterile. The phenotypes like the wild type and gl2 mutants were observed in nine and six lines, respectively. Like gl2 mutants, the transgenic plants with a gl2-like phenotype had aborted trichomes on the surface of their leaves ( Figure 1c,d) ; root hairs in all cell ®les of root epidermis ( Figure 1f) ; and defects in the structure of the seed-coat surface (Figure 1h ). This suggested that, in the gl2-like plants, 35S::GL2 interrupted endogenous GL2 function.
Northern hybridization analysis of the GL2 expression level (resulting from both endogene and transgene activity) was performed using the transgenic plants, except those that were scarcely viable because they were too small and too few in number to use. GL2 transcript levels in the transgenic plants like the wild type ( Figure 1i , lanes 2 and 3) did not differ from that in the wild-type plants ( Figure 1i , lane 1), indicating that the transgene is almost silent in these plants. On the other hand, GL2 transcript levels in gl2-like plants (Figure 1i , lanes 4 and 5) were much higher than in the wild-type plants, suggesting that ectopic or constitutive overexpression of GL2 interrupts endogenous GL2 function.
Effects of the 35S::GL2 gene were also examined in six independent transgenic lines with the gl2-1 mutant genetic background. The transgene in these plants, however, did not complement defects in the gl2-1 mutant (data not shown).
A GL2 transgene regulated by the GL2 promoter complemented the gl2-1 mutation Expression of GL2 via the 35S promoter neither yielded phenotypes implicated in upregulation of GL2 function, nor complemented defects in the gl2-1 mutant. Next we used the GL2 promoter to express the GL2 transgene. We cloned the Landsberg erecta (Ler) genomic DNA fragment corresponding to the 2.1 kilobase pair (kbp) GL2 promoter (Szymanski et al., 1998a) and fused it to either the GUScoding fragment or the GL2-coding fragment to obtain fusion genes pGL2::GUS and pGL2::GL2, respectively. We introduced pGL2::GUS into wild-type Col and Ler plants to examine promoter activity of the 2.1 kbp fragment. The fragment showed the same pattern of promoter activity as described previously (Hung et al., 1998; Masucci et al., 1996; Szymanski et al., 1998a) . Transgenic plants carrying the pGL2::GUS gene showed GUS activity in trichomes of all developmental stages (Figure 2a) , and in epidermal cells that surrounded early stage trichomes ( Figure 2b ). In addition, GUS activity was detected in the speci®c cell ®les of root and hypocotyl epidermis (data not shown).
Expression of pGL2::GUS was also examined in trichome-mutant plants. In developing gl2-1 gl3-1 doublemutant leaves, which lacked evidence of trichome development (Figure 2f ), GUS activity spread through a twothirds base region corresponding to the trichome initiation zone, and created a spotted pattern (Figure 2e ) similar to that of wild-type leaves ( Figure 2c ). In contrast, GUS activity was limited to a small region at the base of gl1-1 mutant leaves, and no spotted pattern was observed (Figure 2g ), while the leaf epidermis cell shape was indistinguishable from that of gl2-1 gl3-1 leaves ( Figure  2f ,h). These results indicate that stages of the regulation of GL2 expression were more advanced in gl2-1 gl3-1 leaves than in gl1 leaves, although epidermal cell shapes were very similar between their leaves.
pGL2::GL2 was introduced into gl2-1 mutant plants. The transgene completely complemented gl2-1 mutant defects in trichomes ( Figure 3c ,f); root epidermis ( Figure 3i) ; and the structure of the seed coat surface (Figure 3l ) in all 11 independent transgenic lines. This result, together with the pattern of pGL2::GUS expression, indicates that pGL2::GL2 Function of GLABRA2 in trichome initiation 361 had the same expression pattern and function as the endogenous GL2 gene. pGL2::GL2 increased the number of trichomes and caused production of adjacent trichomes
We also introduced pGL2::GL2 into wild-type Col plants to examine the effects of entopically additive GL2 expression on trichome development. We made 18 independent transgenic lines and observed their shoot surface. In transgenic plants of 11 lines, both the number of trichomes and the frequency of trichomes developing adjacent to other trichomes increased, whereas trichome morphology was normal (Figure 4b, c) . Table 1 summarizes the results of a quantitative analysis of three independent transgenic lines with this trichome phenotype. The number of trichomes on the adaxial surface of ®rst-leaf pairs in transgenic plants was about double that on wild-type leaves. Furthermore, 7.3±13.5% of transgenic trichomes were adjacent to other trichomes, while adjacent trichomes were not seen in wild-type leaves. Transgenic plants carrying pGL2::GUS did not show signi®cant increases in the number of trichomes and the frequency of adjacent trichomes (Table 1 ). This ®nding excludes the possibility that the increased copy number of the GL2 promoter region caused the phenotype.
We examined pGL2::GL2 plants for the copy number of the transgene in a Southern hybridization experiment. Although they were estimated to contain several copies of the transgene per haploid genome, the copy number was not clearly correlated with the trichome phenotype (data not shown). As the GL2 transcript level is a more direct measure of the increased level of GL2 expression than the copy number of the transgene, we examined the transcript level in pGL2::GL2 plants with or without the trichome phenotype in a Northern hybridization experiment. In the transgenic plants with the trichome phenotype, GL2 transcript levels (resulting from both endogene and transgene activity) were higher than those in wild-type plants and in the transgenic plants without the phenotype (Figure 4d ). This suggests that entopically increased GL2 expression caused the increase in trichome number and adjacent trichomes.
pGL2::GL2 increased the frequency of trichome development throughout leaf development
To investigate the frequency of trichome development during leaf development, we counted the number of trichomes, including those recognizable as developing trichomes, on the adaxial surface of ®rst-leaf pairs throughout leaf development using a scanning electron microscope (Figure 5e ). Wild-type Col and two transgenic lines with the trichome phenotype were examined. Even on the surface of leaf primordia about 100 mm in length, more trichome cells were developing in the transgenic lines than in the wild type ( Figure  5a ,b). The transgenic lines consistently had about double the number of trichomes compared with the wild-type Col (Figure 5e ), indicating that pGL2::GL2 increased the frequency of trichome development in all stages of leaf development.
gl2-1/+ heterozygous plants had fewer trichomes than +/+ plants The results described above suggest that GL2 expression levels were correlated with the frequency of trichome development. If this is the case, aborted trichomes on gl2-1 mutant leaves should be less frequent than normal trichomes on wild-type leaves. It was, however, dif®cult to count mutant trichomes because giant cells, variants of mutant trichomes, and pavement cells could not be de®nitively distinguished on mature leaves using scanning electron microscopy. Instead, we counted the number of trichome cells of gl2-1/+ heterozygous plants, which we expected to produce a reduced amount of functional GL2 protein. gl2-1/+ heterozygous plants had fewer trichomes than the original strain, Ler (+/+) ( Table 1 ). The morphology of gl2-1/+ trichomes was normal, and aborted trichome cells were not detected on the gl2-1/+ leaves at any stage of leaf development (data not shown).
The GL2 gene-dosage effect on trichome number was also examined for the pGL2::GL2 transgene. As shown in Table 1 , the number of trichomes on heterozygous plants (pGL2::GL2/+) was intermediate to the number on pGL2::GL2 homozygous and on wild-type Col plants. These gene-dosage effects of the endogenous GL2 gene and the GL2 transgene on trichome number strongly suggest that GL2 expression levels were correlated with frequency of trichome development.
pGL2::GL2 affected the spacing of trichome development
We observed the surface of leaf primordia to investigate changes in the location of developing trichomes caused by increased expression of GL2. On the surface of wild-type leaf primordia, the region in which trichome development initiates shifted from the distal end to the base during leaf development, and trichome development rarely occurred in two adjacent cells (Figure 5a,c; Hu È lskamp et al., 1994; Larkin et al., 1994; Larkin et al., 1996; Marks, 1997) . In pGL2::GL2 plants, however, the region of trichome initiation was not strictly determined; trichome development was continuously observed in the distal region (Figure 5d ). Moreover, adjacent developing trichomes were frequently observed (Figure 5b,d) . As neighbouring trichomes were always at almost identical stages in development, they probably began development simultaneously. These ®nd-ings indicate that pGL2::GL2 affects the location and spacing of trichome development. pGL2::GL2 affected a mechanism that inhibited the development of adjacent trichomes It has been proposed that Arabidopsis possesses a mechanism that inhibits the development of adjacent trichomes (Hu È lskamp et al., 1994; Larkin et al., 1996) . To estimate the effect of increased GL2 expression on this mechanism, an analysis of trichome spacing was performed as described by Larkin et al. (1996) . We examined trichome spacing in a transgenic line with the adjacent-trichome phenotype. Protodermal cells and those cells recognizable as developing trichomes were counted on the adaxial surface of ®rst-leaf primordia between 80 and 200 mm long ( Table 2) . None of the developing trichomes was adjacent to another on wild-type leaf primordia surfaces, as has been reported previously (Larkin et al., 1996) . Assuming random distribution of trichome initiation sites, the probability of obtaining no adjacent trichomes is 6.0 Q 10 ±6 ( Table 2 ), indicating that a strong inhibitory mechanism is acting on the development of adjacent trichomes. On the other hand, 22 of 87 trichomes were adjacent to others in the transgenic line. Assuming the 87 trichomes were randomly distributed, the probability of obtaining 22 adjacent trichomes is 6.5 Q 10 ±3 (Table 2) . Although this probability is small, it is much larger than that of wild-type plants (6.0 Q 10 ±6 ). This means that pGL2::GL2 affected the mechanism that inhibited development of adjacent trichomes. 
Discussion
GL2 expression directed by the 35S promoter is likely to interrupt endogenous GL2 function and to be toxic to plants
To study trichome development, transgenic plants that overexpress GL1, GL3 and R, a maize gene whose overexpression complements ttg1-mutant defects (Lloyd et al., 1992) , have provided important information (Larkin et al., 1994; Payne et al., 2000; Schnittger et al., 1998 Schnittger et al., , 1999 Szymanski and Marks, 1998) . However, such reversegenetic approaches have not yet been applied to GL2. As a ®rst step, we introduced the 35S::GL2 gene into Arabidopsis plants to overexpress GL2 ectopically. The 35S::GL2 gene did not complement defects in the gl2-1 mutant, and yielded a phenotype very similar to the gl2 mutant in the wild-type genetic background. The gl2-mutant-like phenotype indicated that the transgene suppressed endogenous GL2 function. This suppression did not appear to be caused by a co-suppression effect, as GL2 mRNA levels in the transgenic plants were much higher than in wild-type plants. Instead, overexpression of the GL2 transgene might interrupt endogenous GL2 function post-translationally. One possible mechanism for such interruption is 'squelching' (Gill and Ptashne, 1988) , in which overexpression of a protein titrates a factor whose interaction is essential for complete function of the protein.
As the products of GL2 and GL2-like genes contain dimerization domains that may allow heterodimerization among them, the overexpression of GL2 might affect normal GL2 function by reducing the ratio of such heterodimers to the GL2 homodimer. Ectopic or constitutive expression of GL2 by the 35S promoter also possibly affects endogenous GL2 function, because not only the quantity but also the spatio-temporal pattern of GL2 expression is thought to be important for the gene function. Five independent lines of the transgenic plants had a scarcely viable phenotype. Although GL2-transcript levels in these plants could not be examined, the phenotype might been caused by toxic effects of ectopically overexpressed GL2. As GL2 is thought to regulate the direction of cell expansion during trichome cell morphogenesis, ectopic overexpression of GL2 may cause abnormal cell expansion, and hence interrupt plant development.
GL2 positively regulates the frequency of trichome initiation in a dose-dependent manner Next, we used a 2.1 kbp fragment upstream from the GL2 gene as a promoter for GL2 expression. The pGL2::GL2 gene complemented defects in gl2-1 mutant plants completely. This indicates that the transgene has the same function as the endogenous GL2 gene. We expected the introduction of pGL2::GL2 to confer entopically additive expression of GL2 function to wild-type plants. More than half the pGL2::GL2 transgenic lines developed trichomes more frequently than wild-type plants. Trichome number in plants heterozygous for the transgene (pGL2::GL2/+) was in between that of homozygous and wild-type (+/+) plants. On the other hand, gl2-1/+ heterozygous plants, thought to express fewer copies of functional GL2, have fewer trichomes than +/+ plants. These ®ndings consistently indicate that GL2 positively regulates the frequency of trichome development in a dose-dependent manner.
GL2 is thought to be involved in cell morphogenesis during trichome development, but not in trichome initiation, mainly because gl2-mutant leaves develop aborted trichomes (Hu È lskamp et al., 1994; Rerie et al., 1994) . The results shown here, however, implicate GL2 in the initiation process. Trichome initiation in gl2-mutant leaves could be caused by the presence of a factor functionally similar to GL2. The Arabidopsis genome contains paralogous genes that may function like GL2. Moreover, gl2 mutants reported to date are thought to produce truncated proteins (Di Cristina et al., 1996) that might permit trichome initiation at a reduced frequency.
The postulate that GL2 may induce trichome initiation is supported by the fact that the gl2-1 mutation eliminates evidence of trichome development in the gl3-1 mutant background (Figure 2f ). GL3 is thought to be a positive regulator of GL2 because GL2 mRNA levels are reduced in gl3-1 mutant plants (Di Cristina et al., 1996) . Both mutant defects in gl2-1 gl3-1 might cause the function of GL2, and possibly those of GL2-paralogous genes, to be expressed at levels insuf®cient for trichome initiation.
The GL3 gene has recently been cloned and found to encode a bHLH protein that can physically interact with GL1 and TTG1 (Payne et al., 2000) . Overexpression of GL3 increased the number of trichomes and induced a substantial number of adjacent trichomes (Payne et al., 2000) . These data indicate that GL3 serves to initiate trichome development, while redundancy in function of GL3 and its paralogous genes has been suggested (Payne et al., 2000) .
Although gl2-1 and gl3-1 mutants develop aborted trichomes with different morphologies, the similarity in phenotypes caused by GL3 overexpression and increased expression of GL2, along with the gl2-1 gl3-1 doublemutant phenotype, suggests that GL2 and GL3 are closely related in their functions, and regulate the frequency and spacing of trichome initiation.
GL2 is involved in a mechanism regulating the spacing of trichome development The pGL2::GL2 gene also altered the location of trichome initiation. Our most striking observation was that of frequent adjacent trichomes. A statistical analysis indicated that the occurrence of trichome development in two adjacent cells was not simply a consequence of increased trichome density on pGL2::GL2 leaves. It has been proposed that Arabidopsis has a mechanism that inhibits development of adjacent trichomes (Hu È lskamp et al., 1994; Larkin et al., 1996) . Increased expression of GL2 probably affects this mechanism.
Clonal analysis of cell lineages on the leaf surface has shown that the relatedness of a trichome and its accessory cells varies widely and seems to be unpredictable, suggesting that cell lineage is not involved in the determination of Arabidopsis trichome cell fate (Larkin et al., 1996) . Another clonal analysis has shown that trichomes clustered on try mutant leaves do not always have the same clonal origin, indicating that the mechanism inhibiting the formation of trichome clusters through TRY does not involve cell lineage (Schnittger et al., 1999) . Hence, trichome spacing is thought to be regulated not through cell lineages, but by a competition mechanism that All adaxial protodermal cells were counted in a region extending from the distal tip of the leaf to a line transverse to the leaf axis and two cell diameters proximal to the trichome developing closest to the base. involves promoting and limiting activities for trichome initiation and cell-to-cell communication (Larkin et al., 1997; Schnittger et al., 1999; Szymanski et al., 2000) . In this model, promoting activity upregulates both itself and limiting activity. Limiting activity can diffuse via cell-to-cell communication and downregulates promoting activity in surrounding cells, whereas promoting activity is less diffusible. This mechanism would amplify¯uctuations in promoting activity in ®elds of potential trichome cells, and select one trichome precursor cell per ®eld. After a trichome precursor cell is ®xed, the same mechanism would establish lateral inhibition of trichome initiation. To date, four genes (TTG1, GL1, GL3 and TRY) have been suggested as candidates involved in the mechanism that inhibits the development of adjacent trichomes (Szymanski et al., 2000) . Adjacent trichomes are induced by a mutation in TRY (Hu È lskamp et al., 1994) ; overexpression of GL3 (Payne et al., 2000) ; and weak mutant alleles of TTG1 and GL1 (Larkin et al., 1999) . Overexpression of GL1 by the 35S promoter may in¯uence such inhibition, depending on the mutant background (Larkin et al., 1994; Schnittger et al., 1998; Schnittger et al., 1999; Szymanski et al., 1998b) . These ®ndings suggest that TTG1, GL1 and GL3 constitute promoting activity, and that TTG1, GL1 and TRY constitute limiting activity (Szymanski et al., 2000) . Although cell-to-cell communication might involve TRY (Schnittger et al., 1999) , its mechanism remains unclear.
It is unlikely that the autoregulatory loop of promoting activity involves GL2, because the gl2-1 mutation does not affect transcription of either GL1 or its own gene (Di Cristina et al., 1996) . Instead, GL2 is probably a downstream target of promoting and limiting activities. If this is the case, GL2 function in pGL2::GL2 plants would abnormally increase due to the increased gene dosage, and would eventually allow two adjacent cells to begin trichome development before the inhibitory ®eld is established around one trichome precursor cell. On the other hand, such a gene-dosage effect would be unable to overcome the inhibitory ®eld once it is established. Consistent with this scenario, trichomes adjacent to each other on pGL2::GL2 leaves appeared to begin development simultaneously. Thus GL2 might be a quantitative factor directly regulated by both the promoting and limiting activities. Analyses of the pGL2::GL2 effect under various trichome mutant backgrounds, including try, will reveal the genetic relationship of GL2 with them.
Conclusion and perspective
Entopically additive expression of GL2 increased the number of trichomes and encouraged development of adjacent trichomes. These results indicate that GL2 is involved in trichome initiation as well as in trichome morphogenesis. The expression level of GL2 in a leaf epidermal cell may be a quantitative factor through which frequency and spacing of trichome initiation are regulated. To reveal the details of how GL2 initiates trichome development, it will be important to identify genes whose expression is transcriptionally regulated by GL2.
Experimental procedures
Construction of fusion genes
To construct 35S::GL2, the BamHI±SstI fragment of pBI121 (Datla et al., 1992) was replaced with the GL2-coding fragment which was cut from GL2 (ATHB-10) cDNA (Di Cristina et al., 1996) . The sequence of the junction between the 35S promoter and the GL2-coding fragment is TCTAGAGGATCTAATGTCAATGGCC (underlined sequences correspond to the XbaI site of pBI121 and the GL2 initiation codon). A 2.1 kbp HindIII±NheI fragment corresponding to the region characterized as the GL2 promoter (Szymanski et al., 1998a) was cloned by PCR from Ler genomic DNA. pGL2::GUS was constructed by fusing the NheI end of the 2.1 kbp fragment to the XbaI end of the GUS-coding fragment of pBI121, and inserting it into pIM3, a pBI121-derived plasmid with a hygromycinresistance gene in its T-DNA region. The sequence of the junction between the GL2 promoter fragment and the GUS-coding region is TTAAGCAAAGAAGCTAGAGGATCCCCCGGG (the underlined sequence is the NheI/XbaI junction). To construct pGL2::GL2, the 2.1 kbp promoter fragment was fused to the GL2-coding fragment, and substituted with the HindIII±SstI fragment of pBI121. The sequence of the junction between the GL2 promoter fragment and the GL2-coding fragment is TTAAGCAAAGAAGCTAGA-GGATCTAATGTCAATGGCC (underlined sequences correspond to the NheI/XbaI junction and the GL2 initiation codon).
Plant material
Col and Ler were used as wild-type references for Arabidopsis thaliana. The trichome mutants gl1-1, gl2-1 and gl3-1 (Ler; Koornneef et al., 1982) were obtained from Sendai Arabidopsis Seed Stock Center at Miyagi University of Education (Sendai, Japan). The gl2-1 gl3-1 double-mutant line was constructed by crossing gl2-1 and gl3-1 plants. The genotype of the line obtained was con®rmed by backcrossing with each parental line. gl2-1/+ heterozygous plants were the F 1 progeny of a cross between gl2-1 and +/+ (Ler) plants. To produce transgenic Arabidopsis, constructed genes were introduced into plants through Agrobacterium tumefaciens strain LBA4404 by the vacuum in®l-tration method (Bechtold et al., 1993) . The resulting transgenic plants were self-pollinated, and T 3 plants homozygous for the transgene were used in experiments unless otherwise noted. Transgenic plants with mutant backgrounds were produced by introducing a transgene directly into the mutants, or by crossing transgenic plants of the appropriate genetic background with the mutants. pGL2::GL2/+ heterozygous plants were the F 1 progeny of a cross between homozygous transgenic and +/+ (Col) plants. Plants were grown under continuous¯uorescent light at 22°C on soil or on agar medium containing MS salts (Murashige and Skoog, 1962) , B5 vitamins (Gamborg et al., 1968) , and 1% sucrose. All the plants compared were grown together and analysed at the same time.
Histochemical GUS assay
GUS histochemical staining was carried out using the basic procedure described by Jefferson et al. (1987) . Whole Arabidopsis seedlings or Arabidopsis organs cut into small pieces were submerged in cold 90% acetone for 1 h at ±20°C. After several washes in 100 mM sodium-phosphate buffer (pH 7.4), they were incubated for 6 h at 37°C in a solution containing 0.5 mg ml ±1 5-bromo-4-chloro-3-indolyl-b-D-glucuronide (X-Gluc), 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, and 100 mM sodium phosphate pH 7.4. The reaction was stopped by several washes in the sodium-phosphate buffer, and plant pigments were removed from the tissues with 70% ethanol.
Scanning electron microscopy
Plant surfaces were observed using a variable-pressure scanning electron microscope, model S-3500 N (Hitachi Ltd, Tokyo, Japan) equipped with a cooling stage. Leaves and leaf primordia were cut from apical parts of the plants and directly observed in variable-pressure mode (10±100 Pa) at ±20°C.
Northern analysis
Total RNA was prepared from aerial parts of plants grown on agar medium for 3 weeks as described by Nagy et al. (1988) . RNA gelblot hybridizations were performed according to the instructions for Hybond-N blotting membrane (Amersham Pharmacia Biotech, Piscataway, NJ, USA). The 1.5 kbp DNA fragment corresponding to a central portion of GL2 cDNA (nucleotides 2543±4007 of the genomic sequence, GenBank accession number Z54356) was used as a probe.
